Abstract: We present a hybrid scan-free reflective interferometric system, which combines a wide-field phase measurement, together with a single-point phase measurement, for optical inspection of thin reflective elements. The wide-field interferometric system is composed of a compact portable off-axis interferometer and is illuminated by either a highly coherence source or a narrowband low-coherence source. This is a free-space time-domain self-phase-referenced interferometric setup that can be attached to the output port of an existing reflection microscope. It records a spatial off-axis interferogram, which yields the wide-field phase map of the reflective sample. The other part of the hybrid system is a fiber-based phase-sensitive spectral-domain optical coherence tomography setup, which is illuminated by a boarder-band low-coherence source. It records an on-axis common-path spectral interferogram, which yields a single-point phase measurement of the reflective sample. In this case, since the reference beam does not interact with the sample, the phase is not self-referenced, and slow phase variations are measured as well. None of the setups contains scanning elements. The combination of these systems allows simultaneous wide-field and single-point phase measurements without co-calibration problems. By measuring thin reflective models with these external interferometers, we experimentally illustrate the ability to discriminate between refractive index changes from height changes in the sample.
Introduction
Optical metrology of microscopic samples has impacted many fields of science, including nondestructive quality testing and biological cell measurements. The phase of a light beam interacted with the sample provides a label-free measurement of the height or thickness of the sample, and thus is important nondestructive measurement tool. Some of the well-known and widely used optical phase microscopy methods to perform these measurements include Zernike's phase contrast [1] and differential interference contrast (DIC) [2] . These methods, however, present distinctive imaging artefacts and cannot be directly interpreted in terms of sample height or thickness.
Interferometric microscopy, on the other hand, supplies an accurate measurement of the quantitative phase affected by the delay of the light beam interacted with the sample. By capturing interference between a beam interacted with the sample and a mutually-coherent reference beam that does not contain sample information, the quantitative phase of the sample can be recorded. The quantitative phase is proportional to the optical path delay (OPD) of the beam. Depending on the configuration of the interferometric system and the light source that is used, the accuracy of the OPD measurement can vary between hundreds of nanometers to several nanometers.
In a transmission-mode setup when passing through the sample, the OPD is equal to the product of the sample thickness and the refractive index changes of the sample [3] - [6] . On the other hand, in a reflection-mode setup, when reflecting from a surface, the OPD is equal to the product of twice the height of the surface and the refractive index of the immersion medium above the reflective surface (1 for air, 1.33 for water, etc.) [6] - [8] .
Interferometric phase techniques can be sorted as either wide-field phase imaging techniques, providing phase measurements in many points together, or single-point phase measurement techniques. Among the well-known wide-field interferometric phase methods are interferometric phase microscopy (IPM) [4] - [10] , which is also called digital holographic microscopy (DHM) or quantitative phase microscopy (QPM), and full-field phase-sensitive optical coherence tomography (OCT) [10] - [14] . Wide-field phase imaging methods are capable of providing an interference image, from which a phase map of a whole region of interest may be deduced. However, in many cases, it lacks the high accuracy of the single-point phase measurement methods. Another way to sort interferometric phase techniques is by the coherence length of the light source used. High-coherence sources can obtain interference from a wide range of sample depths [4] ; however, in this case the optical sectioning of the sample image by coherence gating is limited [11] , since interference is obtained even for a large optical path difference between the sample and reference beams. In addition, if a highly coherent source is used, parasitic interferences, generated from unwanted reflections in the optical system, create a large amount of phase noise. An additional way to sort interferometric techniques is by the detection method. In time-domain interferometric systems [4] - [10] , a camera or a photodiode is used as the detector recording the interference pattern at a constant wavelength range. In spectral-domain interferometric systems [11] - [14] , on the other hand, the interference spectrum from the sample is captured by either a spectrometer, or by using both a swept source that can scan the illumination wavelength and a proper detector (photodiode or a camera) that collects the wavelength spectrum point by point. Another way to sort interferometric systems is by the geometry of the interfering beams on the detector. In on-axis or in-line interferometry [9] , [11] - [13] , there is no angle between the reference and sample beams, whereas in off-axis interferometry [3] - [8] , there is a small angle between the beams. If wide-field spatial interference is recorded, off-axis interference requires only a single exposure for reconstruction of the phase map of the sample, which is preferred for dynamic samples, but, on the other hand, consumes more spatial bandwidth on the camera sensor [15] . Another consideration is the geometry of the beam paths; if both beams propagate together in most of the optical path, the system is called a common-path or close-to-common-path interferometer. Since in this configuration there are less differential perturbations between the sample and reference beams, the system is more temporally precise than the non-common-path systems, in which the sample and the reference beams propagate in different optical paths. It is also possible to sort interferometric phase systems by the relative phase recorded; if the reference beam does not interact with the sample at all, the phase recorded takes into account spatially constant optical delays in the sample [4] - [10] . On the other hand, in selfphase-referenced systems, both beams interact with the sample; however, the sample modulation is effectively erased by spatial filtering from one of the beams in order to turn it into a reference beam [3] . In this case, low spatial frequency (dc) phase changes stay in the reference beam, and thus the interferogram recorded only takes into account high spatial frequency changes in the phase profile. Therefore, changes in the sample of interest cannot be distinguished from typical slow spatial changes in the surrounding experimental environment. Other ways to sort interferometric phase systems include the propagating medium, which can be chosen as free-space [3] - [9] or fiber-based [10] - [14] ; the compactness and portability of the system [13] , [16] , where up until lately many interferometric systems were mostly bulky, not portable, and hard to align; as well as the system ability for molecular specificity [17] .
Hybridizing different interferometric systems can gain advantages of both subsystems composing the final setup. Integrating a self-phase-referenced system with a separated-phase-reference system can help distinguishing between slowly varying environmental changes from high spatialfrequency changes. In general, when combining two imaging systems, recording of dynamic samples is more efficient, than using each of the systems separately since the sample is imaged by both subsystems simultaneously. Finally, if the same detector records signals from both subsystems, the problem of co-calibration of the location measured by each system, which would occur if using two separate systems, is solved.
In this paper, we propose a new hybrid reflective system with external interferometric modules to obtain environmental changes distinction with direct co-calibration. The system combines a wide-field phase measurement system together with a single-point phase measurement system. The system does not contain scanning or moving elements. The wide-field part of the system is a compact, portable off-axis interferometer, which operates in off-axis interference geometry. This is a free-space, time-domain, self-phase-referenced setup that can be attached to the output port of an existing reflection optical microscopy setup illuminated by a narrowband light source. This setup is based on our previously developed off-axis interferometer [3] , but for the first time, we implement it for reflection-mode microscopy. The other part of the hybrid system is, in some sense, the complete opposite interferometric setup: it is based on spectral domain phase microscopy (SDPM) system [10] . This is a fiber-based phase-sensitive spectral-domain OCT, which is illuminated by a broader-band low-coherence source. It records the on-axis, commonpath interference, which yields a single-point phase measurement. In this case, the phase is not self-referenced optically, and thus slow phase variations are measured as well. Using experimental demonstrations, we will illustrate the advantages of each of these subsystems and the specific advantages gained by their hybridization.
Experimental Setups
As mentioned above, both interferometric subsystems are opposites in many aspects. However, they still share several advantages. Each individual system is compact, portable and external to the optical imaging system. Each of them is built in common-path or close-to-common-path geometry, which yields increased temporal accuracy. In addition, each of them is relatively simple and easy to align and use. Therefore, the entire setup is also portable, robust, easy to align and use, but still presents high temporal accuracy due to the close-to-common-path geometries. Another common advantage is that both setups allow phase reconstructions from a single exposure of the detectors. The hybridized system is shown in Fig. 1 . In this section, we will review each of the experimental subsystems by itself, and then present their hybridization into one integrated system.
Wide-Field Interferometric Phase Microscopy Setup
When wide-field IPM is applied in off-axis interferometric geometry, there is a small angle between the reference and the sample beams, and thus a carrier spatial-frequency shifts the spatial information of the sample from the dc component, which allows retrieving the phase map of the sample from a single spatial interferogram acquired by the digital camera [3] - [8] , as opposed to on-axis wide-field interferometric geometry, in which several camera exposures are required in order to retrieve the phase map [9] . Typical interferometers for off-axis IPM are custom-made optical microscopic setups, built around the sample, and thus, they are bulky, hard to align, and require an optics expert to build and use them. Recently, we proposed a selfinterference quantitative off-axis interferometer, called the off-axis interferometric module [3] . In this setup, a free-space Michelson-like interferometer is placed in the output port of an existing microscope, so that the sample-modulated beam interferes with an unmodulated version of itself, as obtained by erasing the sample modulation using optical spatial filtering. So far, this module was used in transmission-mode microscopy. In the current paper, we firstly implement this portable wide-field interferometer in reflection mode. Fig. 1 shows a reflection-mode optical microscopy system, containing a reflective sample at the bottom, and a microscope objective MO (40Â, 0.66 NA, infinity-corrected, f ¼ 4:6 mm, Newport) above it. The wide-field IPM part of the system is illuminated by a supercontinuum tunable low-coherence laser (Fianium), which is connected to acousto-optical tunable filter ( 0 ¼ 633 nm, Á ¼ 6 m) or, alternatively, a highly coherent Helium-Neon (HeNe) laser ( 0 ¼ 633 nm, 5 mW). The illumination beam is 7Â expanded by lenses L a1 ðf ¼ 35 mmÞ and L a2 ðf ¼ 250 mmÞ and is directed to the sample through lenses L a3 ðf ¼ 250 mmÞ, microscope objective MO and beam splitter BS 1 . Each pair of lenses, i.e., L a1 -L a2 and L a3 -MO, is in 4f lens configuration. After illuminating the sample, the magnified image from microscope objective MO is projected through tube lens L 0 onto the input of the offaxis interferometric module. In this module, the magnified image from the reflective sample is split by beam splitter BS 2 , while Fourier transformed by lens L a4 ðf ¼ 100 mmÞ. From one of the resulting beams, the sample spatial modulation is erased by passing the Fourier transformed image through pinhole P (with 30 m diameter), selecting only very low spatial frequencies, and thus turning this beam into a clear reference beam, without sample spatial modulation. It was verified previously that a pinhole at this size erases most of the imaged sample spatial modulation, and that the first airy disk defined by the pinhole covers the camera sensor, where the interference fringes appear [3] . This beam is reflected back from mirror M to the camera through BS 2 and lens L a5 ðf ¼ 100 mmÞ, which optically Fourier transforms it back to the image domain. The other beam, which exits from beam splitter BS 2 , is reflected by retro-reflector RR, made out of right-angle mirrors, which creates a shift in the spatial-frequency domain and causes the sample beam arriving to the camera to be tilted at 0. 9 . This allows off-axis interference on the camera with fringe cycle of 4 camera pixels. We used a monochrome CMOS camera, with 1280 Â 1024 pixels of 5:2 m Â 5:2 m each. The camera field of view was chosen to be 550 Â 550 pixels, i.e., 64 m Â 64 m on the sample plane, which is large enough to contain the examined samples. Camera exposure time was determined according to the reflectivity of each sample. Maximal frame rate possible was 100 fps. Total magnification of the wide-field phase microscopy setup was 45Â. After acquiring the spatial interference pattern on the camera, it is possible to reconstruct the quantitative phase map from a single exposure. The associated digital processing is presented in Section 3.1. Temporal and spatial sensitivities measured were 1.2 nm.
Single-Point Interferometric Phase Microscopy Setup
Spectral-domain phase-sensitive OCT provides a single-point phase measurement, and achieves a decreased phase noise as a result of no mechanical moving parts. When built in common-path geometry, most phase noise factors common in the reference and the sample beams are canceled, which gives this approach a high temporal accuracy, at a theoretical limit of tens of picometers. allowing to measure very small phase changes [11] . SDPM is a phase-sensitive OCT system [10] , [13] , which is a compact, portable and highly-accurate fiber-optics system for phase measurements.
The SDPM part of the system in Fig. 1 includes a light beam from a superluminescent diode (SLD) (Superlum, central wavelength of 840 nm, FWHM spectrum bandwidth of 50 nm, fiber output power of 15 mW) that passes through a polarization controller and is split using a 50/50 fiber coupler. One of the outputs from the coupler is collimated using spherical lens L b1 with 5 cm focal length, and focused onto the sample using the 40Â, 0.66 numerical-aperture microscope objective MO.
The reflective model is placed close to the focal point of the objective, where just above the sample, a semi-transparent surface (microscope coverslip) is placed, which originates the reference beam. The combined reference and sample beams pass back through beam splitter BS 1 and the fiber coupler and reach a compact spectrometer (Ocean Optics HR+C1648, 2048 pixel CCD, spectral range 180 nm, spectral dispersion 0.09 nm, spectral bandwidth 720-900 nm, maximal axial imaging range 2 mm, scan rate 20 Hz), where the spectral interference pattern is recorded. The other exit from BS 1 is projected through tube lens L 0 onto the digital camera, which captures the spatial interferogram of the sample together with the beam spot of SLD. This helps in localization of the SLD beam on the sample. The SLD spot size on the sample was approximately 1 m, allowing the reflected beam to be fully accepted back by MO for the reflective models used.
To retrieve the phase, we used the digital processing elaborated in Section 3.2. The SDPM measurement temporal stability was 690 pm on a non-floating table and 300 pm on a floating table in a liquid environment.
Hybridized Setup
Typically, one has to choose between the benefits of either a wide-field interferometric system or a single-point interferometric system, and consequently to compromise on the measurement accuracy if preferring the wide-field methods, or on the measured field of view if preferring the single-point methods. Fig. 1 presents a diagram of the hybrid interferometric system, combining the off-axis interferometer with SDPM. To obtain this hybridization, dichroic mirror (DM) (Thorlabs, cut-off wavelength of 705 nm) is set between lenses L a3 and L b1 at 45
, while transferring the SLD beam and reflecting the HeNe or the SC+AOTF beam.
Both beams continue into beam splitter BS 1 , and arrive to the sample, through microscope objective MO. After interacting with the sample, the HeNe or SC+AOTF beam is reflected back through BS 1 , and through tube lens L 0 to the image plane. In this plane, the external off-axis interferometer is located, and creates wide-field off-axis interference of the sample on the digital camera. The same camera also detects the SLD beam over the sample. In the SLD path, the superposition between the top semi-transparent surface and the reflective model is projected through the other output of BS 1 and the fiber coupler to the spectrometer.
Thus, the SLD beam, which interacted with one point on the sample, is simultaneously measured by the spectrometer, recording the spectral interferogram from this sample point.
Note that a semi-transparent reflective surface is located above the sample for creating the reference beam for the SLD-based spectral interferogram. When using the low-coherence source (SC+AOTF) in the wide-field system, the camera does not detect the spatial interference between the reflective model and this semi-transparent surface since the axial distances between these surfaces is larger than the coherence length of the source. On the other hand, when using the highly coherent source (HeNe), this unwanted spatial interference can degrade the quality of the results. This is going to be demonstrated experimentally in Section 4.
It is important to note that since there are no scanning elements in the hybrid system, time resolution is limited only by the frame rates of the camera and the spectrometer. Furthermore, the two systems together and each of them separately are low-cost, simple to align, and, as mentioned previously, are compact and portable but still have high accuracy due to lack of moving elements and common-path geometry.
Data Processing
Following the experimental acquisition using both the wide-field and the single-point interferometric systems, two separate phase extraction procedures are performed.
Digital Phase Extraction From the Wide-Field Measurement
Assuming spatial off-axis interference fringes across the x axis, the interference pattern on the camera can be expressed as 
where I s ðÞ ¼ jI s ðÞj 2 and I r ðÞ ¼ jE r ðÞj 2 are the intensities of the sample and the reference beams, respectively, E s ðÞ and E r ðÞ are the coinciding fields, all as a function of ¼ ðx ; y Þ, where ðx ; y Þ are the coordinates on the digital camera, ' s ðÞ is the phase map of the light reflected from the sample, ' s;0 ðÞ is the phase of the dc component of the light reflected from the sample (which is also used as the reference), and k ¼ 2= is the wave number ( is the central illumination wavelength), and is the angle between the sample and the reference beams on the camera. The phase is accumulative across z. Both ' s ðÞ and ' s;0 ðÞ contain the axial location from which the sample reflects the light, and the difference between them is that ' s ðÞ also contains the sample spatial modulation. Therefore, ' s ðÞ À ' s;0 ðÞ only leaves the sample modulation, while self-referencing for the flat phase in the sample.
In order to extract the quantitative phase profile of the sample, two-dimensional Fourier transform is digitally applied on the acquired interferogram, which results in 4 elements. Two of which are the autocorrelation terms, which are the Fourier transforms of the field intensities, and located at the center of the spatial-frequency domain, and two of which are the cross-correlation terms, which are shifted from the center of the spatial-frequency domain, depending on the offaxis angle . One of the cross-correlation terms is then digitally cut out and inverse Fourier transformed, resulting in CCðÞ ¼ E s ðÞE Ã r ðÞ. Assuming that E Ã r ðÞ is a plane wave with a constant phase, the phase of the CCðÞ can be retrieved as follows:
Next, a 2-D digital phase unwrapping algorithm [18] is applied to solve 2 ambiguities in the phase map. We used the Miguel 2-D unwrapping algorithm [19] . Finally, the sample height profile h s ðÞ can be driven as follows:
where n 0 is the integral refractive index of the medium located above the refractive model (e.g., air, water, etc.), and the factor of 2 is due to the round trip of the beam reflected from the sample.
Digital Phase Extraction From the Single-Point Measurement
The single-point spectral interference measured on the spectrometer can be expressed as
where k is the wavenumber, Sðk Þ is the spectral density of the light source, R s and R r are the reflectivities of the sample surface and the reference surface, respectively, ' s ðk Þ is the sample phase, and ' r ðk Þ is the reference phase; thus, ' s ðk Þ À ' r ðk Þ represents the phase difference between the sample and reference surfaces.
A Fourier transform applied on (4) yields the depth-resolved complex value reflectivity profile, where the locations of the peaks at AEð' s À ' r Þ ¼ AE2h s correspond to the reflector position. To retrieve the phase information, several single-frame techniques have been proposed [19] - [21] . In our case, to retrieve the sample phase at the point of the illumination, a Gaussian band pass filter is applied on the peak of the complex depth function to remove noise and unwanted reflections. To determine the height of the sample, the phase needs to be unwrapped. First, a least-square algorithm is used to determine the slope of the phase as a function of the wavelength. Then, the slope of the phase function is used as the reference to remove the 2 ambiguities [19] , [22] .
Experimental Results
We used the hybrid system to measure reflective models in changing environmental conditions. The first model was prepared by covering HeLa cancer cells by a reflective coating. For this aim, the cells were plated on an experimental microscope slide, and left in an incubator for 48 hours. After adhering to the slide, the cells were rinsed twice in phosphate buffered saline (PBS) and were put in 4% formaldehyde solution for 10 min. The fixated cells were rinsed with PBS and stored in 4 C inside PBS. Prior to imaging, the cells were dried, initially under a biological hood and later in a vacuum. Finally, the cell sample was covered with 40 nm chrome layer using sputter machine (K575X Sputter Coater, Quorum Technologies, Kent, U.K.). Using reflective coating on biological cells can provide information regarding the height map of the membrane itself, which is difficult to achieve without coating due to the low reflectivity of the cell membrane. Several similar cell coating techniques are widely used for biological studies in scanning electron microscopy (SEM). Fig. 2(a) presents the off-axis interferogram and the SLD spot, as shown together on the digital camera, while imaging two adjacent HeLa cells. The right side of this figure shows a cross section of the spatial interference from the wide-field interferogram, and the spectrum measured by the spectrometer in the location of the SLD spot indicated on the camera. The typical optical power of the SLD on the sample was 0.6 mW. Fig. 2(b) shows the resulting phase map. In general, measured location cocalibration is one of the challenges when combining imaging systems. In contrast, in the proposed hybrid interferometric system, the co-calibration issue is solved in a straightforward manner, since in our case, the digital camera is used as the detector of both the interference pattern obtained by the wide-field interferometer, and of the spatial location of the single-point interferometric measurement, which is measured simultaneously by the spectrometer. Hence, it is guaranteed that data from the two different modules of the hybrid system refer to the same spot. In this demonstration, we used a highly coherent illumination source (HeNe, inducing optical power of 2 mW on the sample) in the wide-field interferometric system, so we expect an increased amount of spatial phase noise.
In the second experiment, we used the hybrid system to measure another reflective model in various immersion media. This reflective model was prepared by radio-frequency sputtering from a Permalloy target in an Ar environment at a pressure of 5 mTorr in room temperature.
Using this technique, a plus shape was created on an area of approximately 50 m Â 50 m, and in a height of 64 nm. We first validated the reflective model dimensions by using atomic force microscopy (AFM). These AFM measurements were conducted using scanning probe microscope (Solver PH47, NT-MDT), operating in tapping mode. This microscope was equipped with a custom-made 1300-nm wavelength feedback laser. The AFM cantilever was made out of silicon with PtIr conductive coating, and its tip curvature radius size was 35 nm (NSG01/Pt, NT-MDT, Zelenograd, Moscow). The resulting AFM scanning image is shown in Fig. 3(a) . The plus reflective model height, as measured by AFM, and calculated with a proper mask at the section area against the background and spatial averaging, was 63.76 nm. Next, interferometric measurements were performed for this model in a consumable silicone-rubber chamber, which is commonly used as a container for biological samples (HybriWelli Sealing System, Grace BioLabs, Bend, OR, USA). Two different mediums with known refractive indexes were used separately inside the chamber to produce the modification in the experimental environment: air ðn air ¼ 1Þ and water ðn water ¼ 1:33Þ. Ultra-pure water was extracted using USF Elga ultrapure water system UHQ, in quality of 18.2 M À cm.
Following the wide-field acquisition of the spatial off-axis interferograms, they were digitally processed by the methods presented in Section 3.1 to the height profile of the sample. When imaged in air, these height profiles are shown in Fig. 3(b) for imaging with the highly coherent source (HeNe), and in Fig. 3(c) for imaging with the low-coherence source (SC+AOTF, inducing optical power of 0.33 mW on the sample). When filling water in the experimental chamber, we expect the sample measurement to present an increased height due to larger path delay of the beam of light interacting with the sample. The coinciding water-immersion measurements are shown in Fig. 3(d) for imaging with the highly coherent source (HeNe), and in Fig. 3(e) for imaging with the low-coherence source (SC+AOTF). Note that, as expected, the highly coherent source height maps [see Fig. 3 (b) and (d)] contain coherent artefacts that do not appear in the low-coherence source height maps (see Fig. 3(c) and (e), respectively). For example, due to interference created between the reflective model and the semi-reflective surface, positioned above the model to create the reference beam for the SDPM system, there is a spatial diagonal interference pattern on the entire height map. This unwanted interference can be avoided by using a separated reference arm in the SDPM system, with the cost of higher temporal noise and system bulkiness. Alternatively, this unwanted interference is avoided in the low-coherence height maps [see Fig. 3(c) and (e)] due to the fact that the distance between the top semi-reflecting surface and the reflective model is $ 70 m (creating $ 140 m distance when passed twice in air), which is larger than the coherence length of the low-coherence source (27 m).
Therefore, these two reflective surfaces will not mutually interfere when using the low-coherence source, signifying the advantage of using a suitable low-coherence source for wide-field interferometric recording. In general, the source has to be chosen so that its coherence length is large enough such that a spatial off-axis interferogram can still be obtained on the entire region of interest without exceeding the source coherence length across this region due to the optical path differences between the sample and the reference beams. On the other hand, the source coherence length has to be short enough to prevent unwanted interferences and noises in the measured height.
As seen in Fig. 3(c) , when using the low-coherence source and measuring the model in air, the plus reflective model height, calculated with a proper mask at the section area against the background and spatial averaging, was 62.6 nm, which is close to the height measured by to the AFM (63.76 nm). After filling water in the chamber, and repeating the same calculation, we measured an average height of 84.75 nm [see Fig. 3(e) ]. This water-immersion height measurement is close to the expected value: the model height in air multiplied by the refractive index of water: 63:76 nm Â 1:33 ¼ 84:8 nm.
Nonetheless, the interferometer was not sensitive to low spatial modulation changes in the medium. When a flat reflective model was examined, no change was revealed between the air medium and the water mediumVthey both stayed flat, without height changes. This is due to the fact that the reference beam in the interferometer still contains the path delay associated with the sample information at low spatial frequencies. Thus, the interferometer alone cannot sense this environmental change due to the fact that it is a self-phase-referenced interferometer. This can be solved by combining another interferometric system, such as the SDPM system, which can also sense low-spatial-modulation changes, by using a reference beam that is not dependent on the sample itself.
To demonstrate this, we used the SDPM system to measure the empty chamber in 10 different points, in both air and water medium. The distance between neighbor points was 10 m, and all points were next to the experimental chamber side walls. The temporal standard deviation (std) of each measurement was less than 1 m. Based on the SDPM measurements, the average optical height of the experimental chamber in air medium was 68.87 m (std 0.44 m), while the average optical height of the experimental chamber in water medium was 91.74 m (std 1.09 m). By dividing the height measured in water by the height measured in air, a relation between the refractive index of the first medium (water) and the refractive index of the second medium (air) can be deduced h s;water =h s;air ¼ n water =n air ¼ 1:33:
It can be inferred that since the actual thickness of the empty chamber was not changed (since the thickness measured by the wide-field system stayed unchanged), the change measured by SDPM was due to optical thickness change, which is the product of the physical thickness of the sample and the refractive index of the medium. Thus, from these two measurements obtained by the hybrid system, we can detect the source of the environmental change. In our case, since before the environmental change, we know that n air ¼ 1, we can divide the two thickness measurements to deduce the refractive-index medium change in the sample. In our case, we obtained 91:74=68:87 Â 1 ¼ 1:33 ¼ n water .
In the third experiment, we aimed at illustrating the behavior of a dynamic sample that changes its depth in time. To create a controlled change, instead of changing the sample depth during imaging, we created identical samples in the transverse sizes, but with various depths, and then measured each of them separately. For this purpose, we used a reflective model made of silicon. By using electron-beam lithography, we created three 15-m diameter platelike holes, with additional gradient margins of 3 m. The depths of the plates were 364, 489, and 653 nm, as evaluated by the machine probe profiler.
Wide-field interferometric depth measurements were conducted using the wide-field off-axis interferometric module and the low-coherence light source (SC+AOTF). Like in the previous experiments, the model was imaged in both air and water immersion. However, in contrast to the previous experiments, the model depth was changed during the measurements in different mediums (as implemented by similar object with different depths). In this case, we have two factors that affect the delay of light, and thus the measured model depth. The first factor is the change in the physical depth of the reflective model, which causes path delays in the light beam interacting with the model. The second factor is the change in the medium that surrounds the model, which causes path delays that occur due to the change in the refractive index of the sample. Fig. 4 presents the resulting depth maps of the plate models in air and in water, respectively. The average plate depths in air were [from left to right in Fig. 4(a)-(c) ], 363.93 nm, 488.35 nm, and 652.39 nm, whereas in water the average depths were [from left to right in Fig. 4(d) -(e)] 482.8 nm, 650.91nm, and 870.74 nm, respectively. All depths were referenced to the proximate backgrounds. The measured depths in air coincide with the manufactured depths of the plates, as listed before. On the other hand, the measured depths in water are larger, as expected, and following the manufactured depths of the plates, multiplied by approximately 1.33, which is the refractive index of water.
When comparing the various depth maps in Fig. 4 in air and water medium, it might look like similar maps are obtained for different plates. Each diagonal pair of plates, Fig. 4(b) and (d), and Fig. 4(c) and (e), looks like the same plate, whereas in fact these are different depth plates in different mediums (air or water). If we did not have the information regarding the refractive index of the changing medium ðn water ¼ 1:33Þ, we would not have enough information to separate the changes occurred due to physical changes in the object depth from the changes occurred due to the refractive-index change (or other environmental factors affecting it, such as temperature). The SDPM system, as was explained in the second part of the second experiment, is capable of measuring the low modulation changes of the experimental environment. Therefore, hybridizing the SDPM system with the wide-field interferometric system measuring the plate depth can be used to verify if the change of depth was due to physical depth change or due to refractive index change.
Conclusion
We introduced an integrated hybrid system combining a compact low-coherence spectraldomain phase microscopy (SDPM) setup together with a compact, simple-to-align, wide-field interferometer (off-axis module), for quantitative phase measurements.
Using the interferometer, a sample height map can be acquired, but since this interferometer derives the reference wave externally, it cannot accounts for slow spatially changing height changes, such as environmental changes in the sample (e.g., temperature changes, immersion medium changes, as we demonstrated here, etc.). By combining the SDPM system, we can obtain in a single-point height measurement that takes into account these relative changes. Thus, the proposed hybrid interferometric system is capable of providing a wide-field height map of a desired region of interest of the reflective model in a single acquisition, together with monitoring slow spatial modulation changes in the experimental environment. In biological samples, such as cells in vitro for instance, this distinction in essential, since it is sometimes unclear if the cell itself or an environmental factor caused a change of height in the sample measurement.
Since we used two recording devices, a digital camera for the wide-field interferometric system and a compact spectrometer for the single-point interferometric system, and since the spot of the SLD source from the single-point interferometric system is also seen on the digital camera, the two measurements can be taken simultaneously, without measured location co-calibration problems.
Since single-point interferometric systems provide higher accuracy than wide-field interferometric systems, additional potential benefit of the hybrid system is enabling wide-field height profiling maps for optical inspection, followed by higher accuracy measurement in "hot spots" using the single-point system. This mode of operation might find uses in the electronic component inspection field.
Note that in our case, the SDPM system provides one point measurement, since it is not meant to provide a benchmark to the wide-field system measuring the reflective model height map, but rather as a means to sense the environmental changes above the model, which the wide-field external system cannot measure. In this configuration, the recording is done simultaneously and without using mechanical scanning or moving elements. However, with slight changes in the proposed setup, including integration of a scanning element in the SDPM system, it is possible to obtain the sample physical height map by both modalities together. Furthermore, if the reference coverslip is separated from the sample and positioned on a scanning Z stage, the SDPM system can be used to scan thick samples, while rejecting out-of-focus light by coherence gating.
In general, we expect that the proposed combination of two significantly different interferometric methods will find use in a variety of applications, including nondestructive testing (e.g., silicon wafer and printed circuit board inspections), and biomedical assays in reflection mode.
